Abstract-The vaporization of a superheated droplet emulsion into gas bubbles using ultrasound -termed acoustic droplet vaporization (ADV) -has potential therapeutic applications in embolotherapy and drug delivery. The optimization of ADV for therapeutic applications can be enhanced by understanding the physical mechanisms underlying ADV, which are currently not clearly elucidated.
INTRODUCTION
Acoustic droplet vaporization (ADV) is the phasetransitioning of a superheated, liquid droplet -stabilized by a surfactant shell -into a gas bubble using ultrasound (US). The micron-sized droplets are composed of a perfluorocarbon (PFC). The therapeutic potentials of ADV were described by Apfel in applications such as embolotherapy and drug delivery [1] .
The physical mechanisms involved in ADV are not clearly understood.
The optimization of ADV for therapeutic applications can be potentially enhanced by elucidating the mechanisms involved in the ADV process. One proposed mechanism is acoustic cavitation, specifically inertial cavitation (IC), which occurs when a bubble grows to at least twice its original diameter, generally during a single cycle of acoustic pressure [2] . The bubble then collapses violently, driven by the inertia of the fluid, potentially fragmenting into many smaller bubbles. The bioeffects of IC, which stem from the generated high temperatures, pressures, and velocities include cellular erosion or lysis, molecular degradation, and the formation of free radicals [3] . In the case of embolotherapy, the minimization of these bioeffects may be important to prevent the extravasation of blood components, which could reduce the efficacy of ADV-induced embolotherapy [6] . Alternatively, these bioeffects could enhance drug delivery via sonoporation, as highlighted in a recent review [7] .
A previous study measured the in vitro, IC threshold of micron-sized PFC droplets as a function of droplet composition and US parameters [8] . This study investigates the relationship between ADV and IC, specifically the necessity of IC for ADV to occur, and adds insight into the location of ADV nucleation based on the host fluid properties.
II. MATERIALS AND METHODS

A. PFC Droplets
Albumin droplets were prepared according to a method established by Kripfgans et al. [9] . Briefly, 750 μL of 4 mg per mL bovine albumin (Sigma-Aldrich, St. Louis, MO) in normal saline (0.9% w/v, Hospira Inc., Lake Forest, IL) was added to a 2 mL glass vial. Liquid PFC -either perfluoro-n-pentane (PFP, 29 o C boiling point, Alfa Aesar, Ward Hill, MA) or perfluoro-n-hexane (PFH, 56 o C boiling point, SynQuest Labs Inc., Alachua, FL), -was added gravimetrically to a final PFC volume fraction of 25%. The vial was sealed with a rubber stopper and metal cap. The vial was then shaken for 45 seconds at 4550 cycles per minute using an amalgamator (VialMix, Lantheus Medical Imaging, Billerica, MA).
The shaken vials were refrigerated (5°C) overnight prior to use. A droplet pre-dilution, used for sizing and in vitro experiments, was made by diluting 1 vial of droplets to 10 mL with normal saline that had been filtered with a syringe filter (0.22 μm, Millex GV, Millipore Co., Bedford, MA). A Coulter Counter (Multisizer III, Beckman Coulter Inc., Fullerton, CA) with a 50 μm aperture was used to determine the number density and size of the resulting droplet solutions.
B. Experimental Setup
All experiments were conducted in a tank containing degassed, deionized water heated to 37°C unless otherwise noted. A calibrated 3.5 MHz single-element transducer (1.9 cm diameter x 3.81 cm focal length, A381S, Panametrics, Olympus NDT Inc., Waltham, MA) was focused at the center of dialysis tubing (14.6 mm diameter, Spectra/Por, Spectrum Laboratories Inc., Laguna Hills, CA), which was used as a flow droplets per mL, was prepared by adding 100 μL of the droplet pre-dilution to 500 mL of degassed, deionized water heated to the same temperature as the tank water. The droplet solution was pumped at 2 centimeters per second (average speed in flow tube) against gravity in a recirculated manner from a 500 mL stirred flask. The single-element transducer was used to generate ADV while cross-sectional B-mode cineloops were simultaneously collected downstream using a 10 MHz linear array (L9, GE Healthcare, Milwaukee, WI). IC noise was passively detected using an omnidirectional hydrophone (ITC-1089D, International Transducer Co., Santa Barbara, CA) and RF segments were digitized using an oscilloscope. The gas content of both the tank water and the recirculated fluid was measured using a blood-gas analyzer (ABL5, Radiometer, Westlake, OH). Each run consisted of cycling through a range of acoustic pressures from the single-element transducer for the combination of parameters being interrogated for that particular run. A schematic of the setup is displayed in Fig. 1 .
C. ADV and IC Data Analysis
The recorded B-mode images were analyzed for an increase in echogenicity due to the presence of stable bubbles. The mean echo power (MEP) was computed from the decompressed amplitude data, using MATLAB (The MathWorks, Inc., Natick, MA) from the collected cineloops. As seen in Fig. 2 , a circular region of interest (ROI), consisting of the entire interior of the flow tube cross section, was used for the MEP calculations. Each cineloop (17 Hz frame rate, 0.2 mechanical index) was 10 seconds in duration, with 3 seconds captured with the single-element transducer off. As seen in Fig. 2 , each cineloop consisted of four regions. A differential MEP value, (1), was used in this work so that any increases in baseline echogenicity due to the interference pattern from the single-element transducer was accounted for. MEP 2 and MEP 4 are the mean MEP values of regions 2 and 4, respectively. MEP 2 includes the interference from the single-element transducer, but does not contain ADV-generated bubbles due to the spatial separation between the single-element transducer and the imaging array.
Δ Μ Ε P = ΜΕP 4 − ΜΕP 2 (1) The presence of IC in the RF segments was determined relative to a baseline of degassed water, where it was observed that no IC occurred. Fig. 3 displays example RF and spectral data for a segment with and without IC. The integrated Fourier transform (IFT) in the range 5 to 60 kHz was used to differentiate segments with and without IC. The criterion for a segment containing IC, at a given acoustic pressure (P), is given in (2) where IFT cav,P is the IFT of a segment containing IC at acoustic pressure P, IFT degas, P is the IFT of the degassed water at acoustic pressure P, and σ is the standard deviation of the set of IFTs computed for a given set of parameters.
Ι FT cav,P ≥ mean(IFT degas,P ) + 9·σ(IFT degas,P ) (2) Figure 3 . Left: RF data of a segment with and without IC. Right: Fourier transforms of RF data from left. The following conditions were used: degassed water at 37 o C with albumin-coated PFP droplets, 83 Hz pulse repetition frequency, 13 cycles, and 6.2 MPa peak rarefactional pressure. Nine standard deviations were empirically chosen as a threshold to distinguish an IC event from the increase in acoustic backscatter due to the presence of droplets alone. The RF data was processed using Matlab. Fig. 4 displays an example of the normalized MEP and the percent of segments containing IC, which is the ratio of segments containing an IC event (defined according to the previous criterion) to the total number of collected segments, versus the peak rarefactional pressure for a given experimental condition. The data in each curve was fit to a sigmoid. The ADV and IC thresholds were determined by setting a derivative threshold for the sigmoidal curve fit. The locations of the derivative thresholds for both the ADV and IC curves are denoted by asterisks in Fig. 4 . Table I displays the ADV and IC thresholds for albumincoated PFP droplets in different bulk fluids used. The thresholds in heparinized whole blood, water, and waterglycerol mixtures were measured to determine the impact of gas saturation, viscosity, and surface tension. Heparin was added to whole, canine blood (8 units per milliliter blood) to prevent coagulation; the blood was used within 2 hours of withdrawal. The ADV threshold is lower than the IC threshold for the presented cases (p < 0.001). In the case of gas saturation, both the ADV (p = 0.7) and the IC (p = 0.4) thresholds were not statistically different for the degassed and gas saturated conditions. Increasing the gas saturation of a bulk fluid is known to decrease the IC threshold for heterogeneous nucleation [10] . The rate at which a bubble dissolves increases as the dissolved gas concentration of the bulk fluid decreases; the dissolved gas concentration is also known to effect the nucleation threshold [10] . This lack of gas saturation dependence on the IC threshold may be explained with three relevant scenarios. First, the wettability of the albumin surface, adjacent to the bulk fluid, may be so high that there are few hydrophobic crevices with gas nuclei present. Second, there are still enough gas nuclei on the droplet exterior, even in the degassed fluid, to be above the critical concentration of nuclei necessary for IC. Third, IC occurs only when gas bubbles are present, presumably created via ADV. Therefore, since the ADV threshold did not display a dependence on gas saturation, then neither would the IC threshold. This result goes towards rejecting the hypothesis that heterogeneous nucleation causes the IC measured in this experimental setup.
D. ADV and IC Threshold Determination
III. RESULTS AND DISCUSSION
A. Bulk Fluid Parameters
In the tested cases, an increase in both the ADV and IC thresholds was observed in whole, heparinized canine blood as well as aqueous solutions of glycerol. The relationship between the IC threshold and fluid properties such as surface tension and viscosity has been derived by Holland and Apfel, assuming preexisting bubbles, where it was found that the IC threshold should increase with the viscosity [11] . Our data is qualitatively consistent with this as the IC threshold increased with increasing bulk fluid viscosity. Concerning surface tension, an experimental study by Holland and Apfel -which measured the IC cavitation threshold of polystyrene spheres in water or an ethylene glycol solution -noted a lower IC This work was supported in part by NIH R01 EB00281 threshold in the ethylene glycol solution, which was attributed to the reduction in surface tension [12] . For submicron-sized nuclei, the effects of decreasing surface tension dominate, even in the case of increasing viscosity [11] . Given that the viscosity trend and not the surface tension trend was observed, it is likely that the IC nuclei for this experiment were not submicron in size, suggesting that the bubbles generated by ADV were the IC nuclei.
B. Droplet Parameters
The behaviors of the ADV and IC thresholds as a function of superheat are displayed in Fig. 5 . All tested cases reveal an ADV threshold that is lower than the IC threshold (p < 0.01 for both PFP and PFH droplets). For both thresholds, an inversely proportional trend exists when the droplets are not superheated. In the case of PFH droplets, the 95% confidence interval (CI) of the slope through the IC data, when the droplets are not superheated is [-0.07, -0.02] with the squared correlation coefficient (r 2 ) equal to 0.99, thus indicating a non-zero slope. Once the droplets become superheated, the ADV threshold remains relatively constant (95% CI of the slope of the PFP data is [-0.03, 0.01]) and so does the IC threshold (95% CI of the slope of the PFP data is [-0.07, 0.01]). No ADV or IC was observed for PFP or PFH droplets at 19°C and 25°C below their respective boiling points. An IC threshold was observed for PFP and PFH droplets at 11°C and 19°C, respectively, below boiling though no corresponding ADV was recorded. It is likely that both ADV and IC occurred in these cases, but the resulting bubbles of PFP or PFH gas either condensed or dissolved into the surrounding bulk fluid before reaching the linear array. The functional dependence of IC on the degree of superheat, at least below the droplet boiling point, suggests that the event leading to IC is internal to the droplet. If the ADV or IC nucleus were external to the droplet, then the probability of an IC event external to the droplet should be relatively constant regardless of whether the droplet is or is not superheated.
IV. CONCLUSIONS
The elucidation of the physical mechanisms involved in ADV can allow for the optimization of ADV in therapeutic applications such as embolotherapy and drug delivery. Since acoustic cavitation is one possible mechanism for ADV, it is important to understand the role of IC due to its bioeffects. As discussed previously, the minimization or maximization of IC, depending on the application, may be integral to the success of therapeutic ADV.
In all cases, the ADV threshold is lower than the IC threshold, indicating that IC is not necessary to cause ADV. Since both thresholds were independent of gas saturation but dependent on the temperature (when the droplet is not superheated), it is likely that the nucleus for ADV is within the droplet and not external to the droplet. It is also hypothesized that ADV provides a bubble that can then undergo IC, which is supported by the data from fluids of varying viscosity.
